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A recent highlight in the study of high-Tc superconductors is the observation of band renormaliza-
tion / self-energy effects on the quasiparticles. This is seen in the form of kinks in the quasiparticle
dispersions as measured by photoemission and interpreted as signatures of collective bosonic modes
coupling to the electrons. Here we compare for the first time the self-energies in an optimally doped
and strongly overdoped, non-superconducting single-layer Bi-cuprate (Bi2Sr2CuO6). Besides the
appearance of a strong overall weakening, we also find that weight of the self-energy in the over-
doped system shifts to higher energies. We present evidence that this is related to a change in the
coupling to c-axis phonons due to the rapid change of the c-axis screening in this doping range.
PACS numbers: 71.38.-k, 74.72.Hs, 79.60.-i
The coupling of electrons to bosonic modes is at the
heart of the mechanism of Cooper pair formation in con-
ventional superconductors. For high temperature super-
conductors, evidence of electron-boson coupling has man-
ifested itself in the form of a dispersion anomaly (”kink”)
obtained from angle-resolved photoemission (ARPES)
experiments, leading to lively discussions on the nature of
the bosons [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11]. These discus-
sions focus on bosons with a sharp energy scale, such as
phonons and the magnetic resonance mode, rather than
on the continua of excitations associated with the non-
Fermi liquid nature of the normal state. An important
issue is if a single, unique boson is involved or some spec-
trum of bosons. In a recent study in La2−xSrxCuO4
(LSCO), evidence was presented in favor of the latter
[12].
As the physical properties of cuprates change rapidly
with doping, a natural question is whether the coupling of
the electrons to bosonic modes also changes with doping.
To date, a few doping dependent results reported from
ARPES are the weakening of the dispersion kink with
doping [4, 5, 12], and the polaron formation found in the
approach to zero doping [13].
Bi2Sr2CuO6 (Bi2201) provides a good opportunity
to study this issue because (a) detailed measurements
of the normal state can be performed at low temper-
atures because of its low Tc, avoiding complications
associated with the superconducting gap, (b) its sta-
ble surface makes possible very high statistics, which
are essential for these experiments, and (c) complicat-
ing bi-layer splitting effects are absent in this single-
layer cuprate. We report high-resolution photoemission
data from optimally-doped and strongly-overdoped, non-
superconducting Bi2201. These data reveal that the self-
energy changes drastically in this doping range. Besides
an apparent reduction of the overall strength of the self-
energy by a factor of two, we find that the self-energy
changes qualitatively: in the strongly-overdoped sample,
the self-energy is clearly peaked near 75 meV, suggest-
ing the dominance of a mode at this energy. For the
optimally doped sample, the self-energy has significantly
more weight at lower energies, suggesting couplings to
lower energy modes. This is hard to reconcile with in-
terpretations only involving propagating magnetic exci-
tations. The only available candidate for the magnetic
excitations is the magnetic resonance and it is known
that this excitation softens in the overdoped regime [14].
The measured self-energy suggests a behavior of elec-
trons coupled to collective modes at several specific fre-
quencies, such as phonons. We suggest that the large
change in the self-energy in this doping range reflects a
large scale change in the electrodynamic nature of the
cuprates in this doping range. At optimal doping, in
the normal state, the cuprates show no plasmon peak
in the direction perpendicular to the planes, and there-
fore are regarded as polar insulators along that direc-
tion. This absence of a c-axis plasmon peak, which is be-
lieved to be due to large damping effects [15], implies that
the coupling between electrons and the c-axis phonons is
unscreened and therefore unusually strong [16]. In the
strongly overdoped regime however, the c-axis conduc-
tivity becomes metallic and therefore this coupling is ex-
pected to diminish due to the c-axis metallic screening.
It appears that this decoupling from the c-axis phonons
might be responsible for much of the change occurring in
the self-energy in this doping range accessed in this ex-
2FIG. 1: (a) ARPES spectrum of OD sample, non-
superconducting (non-SC) along (0, 0) to (pi, pi) at T = 8 K.
(b) is the fit of MDC at EF . (c) Peak position, MDC width
and approximated bare dispersion for extracting Re(Σ); inset
is the comparison of peak position taken at 8 K and 45 K.
periment. We show that the experimentally determined
c-axis electron energy loss function is a good model for
the Eliashberg function α2F (ω) of the optimally doped
system, and that it continues to be a good model for the
overdoped sample if we assume that the enhanced screen-
ing due to the c-axis metallicity involves a characteristic
screening frequency, ωsrc,c ∼ 60 meV, such that phonon
modes below ωsrc,c can be regarded as screened.
We have measured two sets of single crystals of Pb-
substituted Bi2201. The optimally doped (OP) samples,
Pb0.55Bi1.5Sr1.6La0.4CuO6+δ, have a Tc = 35 K. The
overdoped (OD) samples, Pb0.38Bi1.74Sr1.88CuO6+δ, are
non-superconducting (Tc < 4 K). Note that hole dop-
ing is adjusted by changing the La and O content while
Pb doping does not change Tc but weakens effects of the
super-lattice structure. ARPES data were collected on
a Scienta-200 analyzer at the Stanford Synchrotron Ra-
diation Laboratory (SSRL) Beamline 5-4 with a photon
energy of 23.7 eV and a base pressure of 2× 10−11 torr.
Additional data were also collected on a Scienta-2002 an-
alyzer with He I light (21.2 eV) from a monochromated
and modified Gammadata He lamp (HeLM); the pres-
sure was 6 × 10−11 torr. Samples were cleaved in situ
at the measurement temperature. The energy resolution
was set to 13 meV for SSRL and 8 meV for HeLM. The
average momentum resolution at these photon energies
was 0.013 A˚−1 (or 0.35◦).
The data are taken in the normal state along the nodal
cut ( 0, 0) to ( π, π) at T = 45 K for the OP samples
and 8 K ( and 45 K) for the OD samples. We stress that
very high-resolution and high counting statistics are re-
quired for the analysis which follows below. To obtain
the images in Fig. 1 and 2, a typical measurement time
of 15−20 hours is needed. Each cut is taken in a series of
20-min-long scans to ensure that no significant changes
occur in the spectra. Sample aging can also be checked
by comparing the peak heights of the energy distribution
curve (EDC) before and after the measurement. We dis-
carded the scans when the peak height changed by more
than 5%. Fig. 1 shows an ARPES spectrum of the OD
sample along the nodal direction. To isolate the struc-
ture of electron-boson coupling, we extract the peak po-
sition and line width from momentum distribution curves
(MDC) by fitting to Lorentzian curves. We note that the
difference of the peak-position plots at 8 K and 45 K is
insignificant (see the inset in Fig. 1c). Therefore, we will
use the less noisy 8K data for the self-energy analysis.
In Fig. 1c, the high quality measured electron dispersion
shows clearly a kink around 70 − 75 meV. The corre-
sponding change in the MDC width is consistent with
the energy position of the kink.
To obtain information on the electron-boson coupling,
our analysis is aimed at isolating the strength and shape
of the real part of electron self energy Re(Σ). To extract
Re(Σ), we subtract a bare dispersion from the measured
one; the bare dispersion for OD sample is shown in Fig.
1c. The bare dispersion is approximated with a second-
order polynomial where the fitting parameters are cho-
sen such that the bare and experimental dispersion are
in agreement at high binding energies, resting on the as-
sumption that the bosonic couplings at high energies are
diminishing such that the bare and renormalized bands
merge. We assume this to be the case in the 150 − 250
meV range. Notice that in this way the large but feature-
less self-energies associated with the electron-electron in-
teractions are absorbed in the bare dispersions.
By applying this procedure to the ARPES electron dis-
persions of the OD and OP samples, we arrive at the main
result of this paper: the difference in the extracted Re(Σ)
at the two dopings (Fig. 2a). To confirm this result, we
have performed two sets of experiments in two different
ARPES systems under different experimental conditions,
especially so with regard to the photon polarization. As
shown in Fig. 2a, the two data sets show a good overall
agreement, adding confidence to this result.
Re(Σ), as extracted via this procedure, is seen to
change drastically from the OP to the OD regime (Fig.
2a). First, its overall magnitude is significantly reduced,
in accordance with earlier observations in LSCO [12] and
Bi2Sr2CaCu2O8 (Bi2212) [4, 5]. Taking the area under-
neath the curve as an indication of the coupling strength
we find a change from 730 (OP) to 340 (OD) (meV)2.
The surprise is that Fig. 2a reveals a qualitative change
occuring in the energy dependence of Re(Σ) as a function
of doping. One obtains the impression that the OD self-
energy is dominated by a feature centered at 70 − 75
meV. In the OP self-energy there appears to be much
more weight in the 30− 60 meV range, which has largely
decreased in the OD system. As noted by Zhou et al.
[12] the self-energy of the OP sample is reminiscent of a
spectrum of modes, and we take the large doping induced
changes as support for this claim.
3FIG. 2: (a) Comparison of Re(Σ) for OD and OP sam-
ples, showing doping dependence in overall coupling strength
and relative strength in mode energies. Note that SSRL and
HeLM mean, measured with the 23.7eV synchrotron light and
the He I light and the blue and red areas show the dominated
feature in OD and additional feature in OP, respectively. (b)
and (c) are respectively symmetrized schematic Fermi surface
maps of OD and OP samples.
FIG. 3: (a) Eliashberg function and self-energy for OP (top
row) and OD (bottom row) samples calculated by MEM anal-
ysis. (b) Comparison of measured Re(Σ) with a simulation us-
ing the original (for OP) and ’screened’ (for OD) loss-function
spectrum. Note that shaded areas show the similar sizes in
area of the main features in the two analysis.
To obtain an impression of the form of the Eliashberg
function [17], α2F (ω), corresponding to the extracted
self-energy, we employ the inversion based on the max-
imum entropy method (MEM) described in ref.[18]. In
Fig. 3a we show the result of the MEM-analysis. We
checked the self-consistency of this result by comparing
the width Γ ( Im(Σ)= (Γ/2)v◦) as computed from the
MEM-α2F (ω) with the width derived from the experi-
mental MDC. In accordance with the expectations, the
MEM-α2F (ω) is characterized by a high energy struc-
ture around ω = 70 − 80 meV. However, in the OP sys-
tem one finds in addition much weight in α2F (ω) in the
ω = 30 − 60 meV range which has largely decreased in
the OD system.
The rather detailed information we have obtained as
a function of (over)doping is quite informative regarding
the physical nature of the modes coupling to the elec-
trons. The structured nature of the self-energy is strongly
suggestive of phonons because phonons could provide a
spectrum of modes at all dopings, and in this regard they
are unique. The question immediately arises, how can
one explain the gross changes we observe as a function of
doping in terms of phonons? It implies a drastic reorga-
nization of the way electrons couple to phonons.
In the range of frequencies of present interest (30−100
meV) one is dealing predominantly with motions of the
light oxygen ions. A first candidate is the breathing
phonons in the range of 70 − 90 meV, involving planar
oxygen motions in ab plane. These show doping induced
anomalies and it was argued that these have to contribute
to the self-energy in nodal directions [5, 10, 19]. However,
these anomalies are not known to change significantly
in this doping range [20] and these planar phonons are
therefore less likely to be responsible for the dramatic
change in the self-energy in this doping range. We will
now present evidence that this gross change can be inter-
preted as an effect of metallization occurring along the
c-axis going from OP to OD.
The c-axis electron energy loss function Im(−1/ǫc(ω))
determined by Tsvetkov et al. [21] from the c-axis op-
tical response of a superconducting Bi2201 sample turns
out to be a remarkably accurate model for the Eliash-
berg function (α2F (ω)) needed for the self-energy of our
OP system (see Fig. 3b). The c-axis loss function re-
flects the various electromagnetically active ionic motions
along the c-direction at zero momentum and these are
assigned as follows [21]: the low energy structures < 30
meV can be ascribed to the motions of the heavy atoms,
the peaks at 40 and 50 meV are assigned to out of plane
motions of planar oxygens, and the high energy peak at
80 meV is mostly due to out of plane motions of the api-
cal oxygens which could have a character of apical and
breathing phonons, of in-plane oxygen, but with a satel-
lite due to structural distortion.
Furthermore, we can also fit the self energy of the OD
system by multiplying this same model for α2F (ω) with
a ‘filter function’, ω2/(ω2scr,c + ω
2), which reduces the
spectral weight below ωscr,c. The implication from the
addition of this filter function to the ’unscreened’ α2F (ω)
is that phonons below ωscr,c are screened out when the c-
axis metallicity sets in. The reasonable fit shown in Fig.
3b is obtained using ωscr,c = 60 meV as the single free
parameter, besides the overall scale parameter g ≈ 0.7
for both OP and OD where α2F (ω) = g Im(−1/ǫc(ω)).
How can it be that the empirical correlation between
4the c-axis loss function and the electron self-energy along
the nodal direction, assumed to be due to electron-
phonon (EP) coupling, works so well for OP system? The
EP coupling in oxidic insulators is gigantic by the stan-
dards of metals [22], as it resides in the long range elec-
trostatic interactions between the electron charge and the
highly polarizable lattice. The electron self-energy due to
this non-screened, and therefore polar, EP coupling can
be approximated by the electron energy loss function –
a detailed theoretical discussion of this point will be pre-
sented in a following paper [23]. The connection to the
c-axis loss function is then justified by noting that the
polar EP interaction is screened for any sizable planar
momentum transfer. When we view cuprates as a stack
of metallic sheets, it has been shown that for phonons
with 3D momentum ~q = ~qab + ~qc, a characteristic fre-
quency Ωsc can be identified for the three dimensional
problem [15, 24], Ω2sc(~q) = (q
2
c/q
2)ω2scr,c + (q
2
ab/q
2)ω2p,ab
such that all phonons with frequency ωph(~q) < Ωsc(~q)
can be regarded as screened. Since the planar plasma
frequency ωp,ab is large compared to the c-axis charac-
teristic screening frequency ωscr,c, this implies that only
phonons with qab ≃ 0 can contribute to the polar cou-
plings. It is important to note that the electron energy
loss function, as determined by optics, only measures the
q → 0 part of the loss function. And, the most impor-
tant modes do not disperse much as a function of c-axis
momentum, so the optical loss function should be quite
representative for this kinematic regime. However, we
note that we do not claim that the coupling to planar
phonons is non-existent; these modes may well lie hid-
den in the background and be less likely to be the cause
for the strong change in this doping range.
The next question is why the self-energy changes so
much in this doping range? Although we are not aware
of systematic measurements of the doping dependence
of the electrodynamical properties along the c-axis of
Bi2201, comparison with other cuprates (the LSCO [25]
and YBCO [26] systems) suggests that the screened loss
function for OD system is reasonable. Optical measure-
ments have revealed that the metallization of the c-axis
is primarily driven by a drastic decrease in the c-axis
charge relaxation rate Γc changing from strongly over-
damped to moderately overdamped in going from OP to
OD [15]. Further, such a change can account in detail for
the changes in the self-energy, assuming that the Bi2201
system behaves similarly in this regard to the LSCO sys-
tem in the doping range x = 0.15 − 0.30 [23]. Bi2201
does not seem to be an exception, given that for instance
its c-axis resistivity reduces upon doping [27] and shows
a metallic behavior in the OD sample [28].
In conclusion, we have found rather dramatic changes
in the self-energy of nodal electrons between OP and OD
samples, reflecting a change in the coupling of electron
and bosonic modes. This change is manifested in the
clear disappearance of coupling of the modes in the in-
termediate energy range (30−60 meV). We interpret this
effect as caused by a dramatic change in the coupling to
c-axis phonons, turning from polar- into metallic in this
doping regime. We stress that the presence of these polar
EP interactions in an otherwise metallic system is highly
unusual and there have to be more surprises in store.
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